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The performance of hydrogen and fluorine was evaluated in an altitude test 
facility at low chamber pressures in rocket engines having area-ratio-100 exhaust 
nozzles of three lengths. Chamber pressure ranged from 60 to 10 pounds per 
square inch absolute and mixture ratio from 12 to 6 percent hydrogen. The nomi- 
nal thrust was 1400 pounds at a chamber pressure of 60 poinds per square inch ab- 
solute. A 


A conical nozzle of 15° half -angle produced a vacuum thrust coefficient of 
approximately 98 percent of one -dimensional theoretical equilibrium and was rela- 
tively insensitive to changes in chamber pressure. This value represents near- 
equilibrium nozzle performance with respect to internal flow characteristics. 

The maximum vacuum specific impulse measured was 465 pound-seconds per pound. A 
conical nozzle of 25° half-angle and a bell-shaped nozzle contoured to 70 percent 
of the length of the 15° conical had thrust coefficients near frozen expansion 
for the conditions tested. The lower performance of the two shorter nozzles was 
attributed to the failure of the dissociated exhaust products to recombin e at_ 
higher expansion rates. rf) IX 


INTRODUCTION 

The drive for more ambitious missions and larger payloads in the exploration 
of space places greater emphasis on improved propulsion systems. Mission studies 
reported in references 1 and 2 show the- advantages in payload increase that can 
be realized with existing boosters by using high-energy propellants in the upper 
stages. Reference 3 shows that missions requiring long coast periods in space do 
not alter the situation significantly. In each of these studies, the propellant 
combination of fluorine and hydrogen offered several advantages toward the 
achievement of reliable high-performance systems and emerged as the most favor- 
able of the various combinations. Most notable of the advantages of this combi- 
nation are its low hydrogen requirements, hypergolic nature, and extremely high 
specific impulse. Minimizing hydrogen requirements is important because of the 
low density of hydrogen and the resulting high propell a nt tankage volume and 
weight. The hypergolic nature of hydrogen and fluorine should provide nearly 
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perfect ignition and restart capabilities under all conditions. When these fea- 
tures are coupled with a low-chamber-pressure, pressure-fed propellant system, 
the resulting vehicle can be a simple, reliable, lightweight, high-energy pro- 
pulsive device. 

Although the theoretical shifting-equilibrium performance of hydrogen and 
fluorine is higher than that of any other stable chemical propellant combination, 
the ability to approach theoretical shifting equilibrium expansion in an exhaust 
nozzle as opposed to theoretical frozen flow has not before been clearly estab- 
lished by experiment. The difference in specific impulse between the extreme 
flow conditions can be as great as 86 seconds, or 18 percent, in a nozzle with an 
area ratio of 100 at a chamber pressure of 60 pounds per square inch absolute. 

The importance of this difference in terms of potential vehicle performance and 
payload is significant, and knowledge of the experimental performance of hydrogen 
and fluorine in conventional nozzles and the determination of nozzle design pa- 
rameters to promote recombination become vital requirements. 

Some work in hydrogen- fluorine expansion nozzles has been done at the Lewis 
Research Center at area ratios of 25 and 100, but, because of facility limita- 
tions, chamber pressures were limited to the range 200 to 725 pounds per square 
inch absolute (ref. 4). The program discussed herein included three nozzles with 
area ratios of 100 operated at chamber pressures from 60 to 10 pounds per square 
inch absolute with a nominal thrust level of 1400 pounds at the high chamber 
pressure. The objectives were to define performance with large-area-ratio noz- 
zles at low chamber pressures and to determine the effect of nozzle shape on the 
recombination process as it is described by thrust coefficient and impulse effi- 
ciency. 

Mixture ratio was varied from 12 to 6 percent hydrogen, but, in general, em- 
phasis was placed at approximately 11 percent. Studies have indicated optimum 
conditions between 8 and 11 percent hydrogen depending on the detailed mission 
requirements. Tankage and weight problems favor the lower hydrogen percentage, 
but peak performance and cooling considerations favor the fuel-rich condition. 

The three nozzles evaluated were a cone of 15° half -angle, a cone of 25° 
half-angle, and a bell-shaped nozzle contoured to 70 percent of the length of 
the 15° conical one. The program was conducted in an altitude test facility, and 
a zero-flow, second-throat exhaust diffuser was employed to provide additional 
altitude simulation. 

The symbols used throughout the report are defined in appendix A, and the 
method of calculation of experimental and theoretical values is discussed in 
appendix B. 


APPARATUS 


Facility 


A schematic drawing of the test section of the altitude facility that was 
used for this program is shown in figure 1. This facility is capable of altitude 
simulation to approximately 100,000 feet, and ambient pressures from 32 to 36 
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pounds per square foot absolute were maintained during rocket operation. A 
second- throat , zero-flow exhaust diffuser was utilized in addition to the rotat- 
ing exhausters of the altitude facility to attain minimum pressures of 0.01 
to 0.06 pound per square inch absolute, which were required for full expansion of 
the exhaust gases in the large area ratio experimental rocket nozzles. Informa- 
tion from reference 5 was used to design the exhaust diffuser shown in the fol- 
lowing sketch: 



The geometric relations that resulted are 

Aej/At = (Dej/Dt) 2 = 107.3 
Aej/Aejt = (®ej/®ejt) 2 = 2.18 
^ejt/^ejt = 5.28 

This diffuser design provided the required altitude for the 15° conical noz- 
zle, but, with the 25° conical and 70 percent contour nozzles, the diffuser would 
not start or operate at lower chamber pressures. The starting and operating dif- 
ficulties with the latter two nozzles were attributed to differences in the 
nozzle-exit gas conditions and possibly to the effect of dissociation on the 
isentropic exponent if. 

A pressure-tight capsule attached to the ejector completely surrounded the 
thrust-chamber nozzle assembly and load cell. This simplified thrust measurement 
by preventing additional force components on the engine from pressure differen- 
tials acting on ungrounded surface areas such as seals and bellows. To prevent 
the accumulation of an explosive atmosphere in the exhaust equipment, the excess 
hydrogen in the rocket exhaust products was mixed with air bled around the dif- 
fuser exit and ignited by a small hydrogen-air torch that burned continuously. 


; 


Propellant Supply System 

Fuel system . - Gaseous hydrogen was fed to the engine directly from a supply 
trailer located outside the building. Flow rates were determined from measure- 
ments of temperature, pressure, and pressure differential at an orifice plate lo- 
cated in the hydrogen line near the engine inside the test chamber. 
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Oxidant system . - Liquid fluorine was supplied to the engine from a 2-cubic- 
foot Dewar located in the altitude test section, ine newar, the supply lines to 
the capsule, and the Venturi flowmeter were encased in a jacket containing liq- 
uid nitrogen regulated to sea-level pressure. This process controlled fluorine 
temperature and density and simplified oxidant flow measurement. Fluorine flow 
rates were determined by measuring the pressure differential across a calibrated 
Venturi flowmeter. Helium was used to pressurize the fluorine tank to approxi- 
mately 400 pounds per square inch absolute. 


Chambers and Nozzles 

The basic combustion-chamber configuration had a 12 -square -inch throat area 
(3.91 in. diam. ), a chamber contraction ratio of 1.9, and a characteristic length 
L* of 21.0 inches. The chambers were of a heat-sink design and had a zirconium 
oxide coating on the inside to produce a thermal lag to increase the time of op- 
eration. This coating eventually eroded away in spots and required replacement. 

The three rocket exhaust nozzles used for this investigation are pictured, 
with chambers attached, in figure 2. A cone-shaped nozzle with a 15° half -angle 
was used as the standard for comparison. Effects of nozzle shape on performance 
were studied, with a 25° conical nozzle and a bell-shaped nozzle contoured to 
70 percent of the length of the 15° conical nozzle. The lengths from the throat 
to the exit plane for the 15° conical, 25° conical, and 70 percent contour noz- 
zles were 66.2, 38.6, and 45.4 inches, respectively. 

A general digital-computer program for optimum nozzle design available at 
the Lewis Research Center was used to determine the contour coordinates given in 
table I. Contours were obtained by the method of characteristics with variable 
isentropic exponent and shifting -equilibrium gas composition to maximize the 
thrust coefficient for an area ratio of 100 and a given altitude pressure. Opti- 
mum performance for nozzles of several lengths was calculated for a chamber pres- 
sure of 60 pounds per square inch absolute and 8.12 percent hydrogen, and a con- 
tour was chosen that was equivalent in delivered theoretical performance to a 15° 
conical nozzle at the same design conditions. The resulting nozzle, referred to 
as a 70 percent contour, had an exit divergence half -angle of 9° and a maximum- 
expansion half -angle of 40° near the throat. 


Injector 

The injector used for the entire program is pictured in figure 3. A 131- 
element, coaxial-injection pattern was used, each element providing a stream of 
fluorine surrounded by an annulus of gaseous hydrogen. High pressure drops 
through the injector favored stable combustion, and at no time were instabilities 
encountered. Approximately 11 minutes of accumulated running time with the same 
injector resulted in only discoloration of the thick, copper injector face. 


Instrumentation 


Locations of all instrumentation are shown in figure 1. 


I 

I 

Thrust . - A strain-gage load cell, in compression vixen loaded, vas used fear 
| tile primary- thrust measurement. Prior to each run, the load cell vas calibrated 

j against a standard cell by pressurizing an air cylinder. During operation, the 

I signal from the load cell vas divided to read out on high-speed digital tape, a 
| direct-recording oscillograph, and a direct-reading strip chart. Since the load 

i cell vas located in the capsule vith the engine, no elaborate procedure or addi- 

tional measurements vere required for calibration and thrust determination . 

Pressure . - Strain-gage-element transducers vere used for all pressure meas- 
urements, including differential pressures across the flovmeters. Pickups meas- 
uring the higher pressures vere referenced or vented to capsule pressure or test- 
I chamber pressure vhen this pressure vas negligible in relation to the measured 

J value. Lower range pressure measurements were referenced to a controlled vacuum 

system and corrected appropriately. Pressure signals were recorded on a direct- 
recording oscillograph and on high-speed digital tape. Pickup and recording cir- 
cuits were calibrated electrically prior to each day of operation by introducing 
a "calibrate resistance" to correspond to full-scale values. Periodic calibra- 
tion by application of pressure verified the electrical calibrations. 

Temperatures . - Calibrated iron-constantan thermocouples were used for tem- 
perature measurements in the gaseous-hydrogen system. 
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PROCEDURE 
Fluorine Handling 

Fluorine is the most powerful, stable oxidizing element and is spontaneously 
combustible with many materials. These two properties caused many test -equipment 
failures in the early stages of fluorine technology because of improper materials 
and poor system preparation and handling techniques. This situation, coupled 
with the physiological effects caused by contact with or inhalation of fluorine 
or hydrogen fluoride gas, has precipitated much criticism of all proposed pro- 
grams involving fluorine. 

Procedures, for the safe, confident usage of fluorine have been firmly es- 
tablished at the Lewis Research Center, however, through a considerable amount of 
experience in material compatibility and rocket-engine testing. Preparation of a 
facility or system for the use of fluorine, including cleaning, drying, and pas- 
sivating, is thoroughly discussed in references 6 and 7. 

Transfer . - Transfer of liquid fluorine from the portable trailer -mounted 
Dewar (5000-lb capacity) to the propellant tank in the test section was origi- 
nally accomplished by pressurization of the trailer with helium. This operation 
was later revised to the following procedure, which was considered safer. The 
propellant tank in the test chamber was cooled with its liquid-nitrogen bath and 
then evacuated with a vacuum pump. Fluorine was then transferred by boiling from 
the trailer at atmospheric pressure into the low-pressure propellant tank and 
condensing on the cold walls. The quantity transferred was controlled by time, 
which, in turn, is a function of condensation rate and initial vacuum. This 
method avoided pressurization of the trailer and minimized the hazard of spillage 
from a primary failure. 
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Disposal . - Because of the small quantities of fluorine and hydrogen fluo- 
ride involved, adequate disposal was possible by simply diluting the exhaust 
products with air and providing good dispersal conditions at the exit of the fa- 
cility. Before entering the facility compressors, the exhaust products, flowing 
at a maximum rate of 3.5 pounds per second, were diluted with air flowing at 
approximately 50 pounds per second. The exhaust gases were then pumped to the 
atmosphere by an ejector using air at 100 pounds per second as the primary flow. 
This total combined dilution, plus the vertical efflux from the ejector, was 
sufficient for safe disposal. A more comprehensive discussion of this problem 
appears in reference 8. 


Engine Operation 

Control system . - Valve positions for both the fluorine and hydrogen weight 
flows were controlled by manually preset variable potentiometers. Closed-loop 
systems to control chamber pressure and mixture ratio to the desired conditions 
were not used so as to avoid any system instability. The potentiometers and 
valves were calibrated, and settings for run conditions were determined from flow 
rates calculated from estimated combustion efficiency. 

Operational sequence . - The instrumentation systems, safety systems, and en- 
gine firing were all controlled automatically by a program timer. The propellant 
systems and engine were purged with helium before and after each fir ing . The re- 
quired fuel lead and override time was only several milliseconds since the 
thrust chambers were not cooled by fuel. Immediately follow ing each rim, the 
capsule surrounding the engine was purged with gaseous nitrogen to prevent re- 
circulation of hot, corrosive exhaust gases around the instrumentation and wiring 
located there. The length of each run varied from 5 to 6 seconds at a chamber 
pressure of 60 pounds per square inch absolute to 11 to 12 seconds at 10 pounds 
per square inch absolute. Cooling time required between runs was approximately 
10 minutes. 

Rim conditions . - The initial program called for running each of the three 
nozzles over a range of mixture ratios from 6 to 12 percent hydrogen at c hamb er 
pressures of 60, 40, 20, and 10 pounds per square inch absolute. Difficulty was 
encountered, however, in establishing f ull nozzle flow at 20 and 10 pounds per 
square inch absolute with the 25° conical and 70 percent contour nozzles because 
of the exhaust -diffuser design. As a result, performance for these two nozzles 
was obtained only at 60 and 40 pounds per square inch absolute. 


RESULTS 

All the results are presented in table II to facilitate interpretation and 
correlation of the performance figures. 


Effect of Mixtime Ratio 

Figure 4(a) shows the performance of the three area-ratio-100 rocket engines 
operated at a chamber pressure of 60 pounds per square inch absolute over a mix- 


ture-ratio range from 12 to 6 percent hydrogen. Maximum impulse over the range 
tested was obtained at approximately 11 to 22 percent hydrogen for each of the 
engines. With the 15° conical nozzle, a vacuum specific impulse of 465 seconds 
was attained, while the 70 percent contour and 25° conical nozzles produced 440 
and 430 seconds, respectively, at this condition. As the mixture ratio was var- 
ied toward stoichiometric (5.04 percent hydrogen), the impulse performance de- 
creased significantly. At 6 percent hydrogen, for example, the vacuum specific 
impulse with the 15° nozzle was 434 seconds; the two shorter nozzles produced 
similar results. 

The exhaust-nozzle performance, as measured by vacuum thrust coefficient, 
was relatively insensitive to variation in mixture ratio for all the nozzles 
tested. The thrust coefficient of the 15° conical nozzle was 1.88 at the mixture 
ratio corresponding to maximum impulse performance and varied to 1.92 at a mix- 
ture ratio of 6 percent hydrogen. Values at maximum impulse for the 70 percent 
contour and the 25° conical nozzles were 1.78 and 1.74, respectively. 

Combustion performance, as indicated by characteristic velocity c* dimin- 
ished rapidly when fuel concentrations were decreased from 12 to 6 percent hydro- 
gen (fuel rich to near stoichiometric). Maximum impulse at a chamber pressure of 
60 pounds per square inch absolute was obtained with a characteristic velocity of 
8000 feet per second, whereas c* was only 7300 feet per second at a mixture ra- 
tio of 6 percent hydrogen. 

Thus, the lower impulse performance near stoichiometric was attributed pri- 
marily to combustion performance when the parameters entering into specific im- 
pulse were examined individually (i X g = c* X Cp). A comparison, however, with 

the theoretical equilibrium calculations indicated some potential for performance 
improvement in both the combustion chamber and the exhaust nozzle, particularly 
at mixture ratios near stoichiometric. 

Figure 4(b) shows the performance with the three nozzles at a chamber pres- 
sure of 40 pounds per square inch absolute. Values of -vacuum specific impulse, 
vacuum thrust coefficient, and characteristic velocity were very similar to those 
at 60 pounds per square inch absolute. It should be noted that the composite 
curve of combustion-chamber performance c* faired through the majority of 
points does not accurately represent the data for the 15° conical nozzle for one 
set of runs (six data points). Later runs with this engine, however, were in 
agreement with the composite results, and indications pointed to incorrect 
chamber-pressure readings for this set. For this reason, the thrust -coefficient 
data for the 15° conical nozzle were considered to be more realistic if repre- 
sented by a curve utilizing the composite c* results from all the runs at this 
chamber pressure, since Cp x c* = I x g. 

At chamber pressures below 40 pounds per square inch absolute, fully ex- 
panded nozzle flow could not be established with the 25° conical and 70 percent 
contour nozzles with the existing exhaust diffuser. Several procedures were at- 
tempted for operation in this region, but none was successful. As a result, fig- 
ures 4(c) and (d) show nozzle data from just the 15° conical nozzle but charac- 
teristic velocity from all tests at the lover pressures. At chamber pressures of 
20 and 10 pounds per square inch absolute, the maximum values of specific impulse 


were approximately 450 and 440 seconds, respectively. Characteristic velocity 
was consider ally Iuwcj. o,l ihese pressures having a value of 7300 feet per second 
at 12 percent hydrogen and 10 pounds per square inch absolute. The absolute 
value of thrust coefficient was unchanged at these lower pressure levels, the 
nominal value being 1.93 at 10 pounds per square inch absolute; the absolute 
value also insensitive to changes in mixture ratio over the range investigated. 

At no time in the program were problems encountered with combustion insta- 
bility. 


Effect of Chamber Pressure 

Figure 5 illustrates the effect of chamber pressure on delivered performance 
efficiency at a mixture ratio for maximum impulse of 11.7 percent hydrogen. The- 
oretical data for frozen expansion are also included for comparison. Both the 
experimental and theoretical frozen data are expressed as a percentage of theo- 
retical equilibrium with one-dimensional flow. 

With the 15° conical nozzle, the impulse efficiency was 96 percent of theo- 
retical performance at pressures of 60 and 40 pounds per square inch absolute 
but decreased to 91 percent at 10 pounds per square inch absolute. Chamber- 
pressure effects with the 70 percent contour and 25° conical nozzles were not 
completely evaluated because of the operational problems discussed previously. 
Impulse efficiency at chamber pressures of 60 and 40 pounds per square inch abso- 
lute was 91 percent with the contoured nozzle and only 88 percent with the 25° 
conical one. Although this indicated that the two shorter nozzles tend toward 
frozen theoretical performance, the actual chemistry of the expansion process 
must consider only the nozzle performance and not a composite of nozzle and com- 
bustion efficiency. This will be clarified in the DISCUSSION. 

Characteristic-velocity efficiency was 98 percent or better with this 
chamber-injector configuration at 60 and 40 pounds per square inch absolute but 
was reduced to 92 percent when the engine was throttled over a 6:1 pressure range 
to 10 pounds per square inch absolute. Considerably lower combustion efficien- 
cies were measured at leaner hydrogen concentrations over the entire pressure 
range. Unpublished data from other tests at the Lewis Research Center, however, 
have shown that c* values of approximately 98 percent of theoretical equilib- 
rium can be maintained over this pressure range with a fixed-area injector of an 
improved design. 

The evaluation of nozzle thrust coefficient showed little change in exhaust- 
nozzle efficiency over the chamber-pressure range from 60 to 10 pounds per square 
inch absolute. The 15° conical nozzle maintained a near-equilibrium efficiency 
of 98 percent of theoretical equilibrium at all pressures, whereas the 70 percent 
contour and 25° conical nozzles operated at approximately 92 and 89 percent, 
respectively. 

The insensitivity of nozzle performance to chamber pressure (within the 
range investigated) lends itself well to a hydrogen- fluorine engine that can be 
throttled. It is believed that, with a suitable optimization program, an engine 
could be built to deliver an impulse efficiency of at least 96 percent of theo- 
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retical equilibrium over a throttling range of chamber pressure from 60 to 10 
pounds per square inch absolute. 


DISCUSSION 

The performance of the three nozzles shown in figure 5 indicates the actual 
percent of theoretical thrust coefficient available for useful propulsion. The 
15° conical nozzle, which produced near-equilibrium performance, had impulse ef- 
ficiencies 5 to 8 percent higher than the other two nozzles. The results indi- 
cate that the use of shorter nozzles must come at some sacrifice in performance 
and that the contouring of the nozzle to 70 percent by normal methods did not 
recover the losses significantly. This exchange of performance, for reduced noz- 
zle length may be justified, however, for specific missions. 

An effort was made to identify the various nozzle losses so that the degree 
of recombination could be somewhat isolated and could be recognized from general 
performance measurements. The most significant of these losses that detract from 
theoretical-equilibrium performance was the nonaxial, or divergent, component of 
the exhaust gases at the nozzle exit. The geometrical divergence loss was 4.7 
percent for the 25° conical nozzle, 1.7 percent for the 15° conical nozzle, and 
0.6 percent for the contoured nozzle (9° exit angle). Attempts to evaluate other 
possible losses, such as viscous effects, shock waves, and heat transfer, re- 
sulted in no significant contribution toward explaining the differences between 
nozzles . 

Figure 6 shows the data from figure 5 with the appropriate geometric diver- 
gence correction applied to each nozzle. This correction results in a more real- 
istic comparison of the nozzles in regard to internal performance. The amount of 
recombination can be estimated from the thrust-coefficient efficiency, which bas- 
ically considers only nozzle performance. At a mixture ratio of 11.7 percent hy- 
drogen, the 15° conical nozzle produced equilibrium performance for chamber pres- 
sures between 60 and 10 pounds per square inch absolute. The two shorter noz- 
zles, however, appeared to produce near frozen flow, an indication that only a 
relatively small degree of recombination occurred at these conditions. A compar- 
ison at mixture ratios closer to stoichiometric would show similar differences 
between the nozzles but at a lower overall percent of recombined energy, possibly 
because of the higher temperatures and greater amount of energy in the dissoci- 
ated form. 

Since previous experimental and analytical approaches have not been suffi- 
cient to describe the expansion process properly, only trends or potential con- 
tributing factors can be set forth to explain the differences between nozzles. 

In theory, some indication of the deviation from equilibrium flow can be obtained 
from the product of the chemical reaction time and the quenching rate (rate of 
temperature decrease) of the exhaust gases (Penner's criteria, ref. 9). Although 
the reaction-rate constants for the processes in a hydrogen-fluorine rocket are 
not known, a comparison of the quenching rates on the nozzles tested was at- 
tempted. When isentropic-expansion data and the local geometric divergence an- 
gles were used, cooling rates in the 25° conical and 70 percent contour nozzles 
were found to be two to three times greater than in the 15° conical nozzle. 


Maximum rates up to 6.0X10 7 °R per second were calculated near the throat for 
the 70 percent contour nozzle- As a result cf these eompaj. iouua , 1L. seemed rea- 
sonable to assume that a significant deviation from equilibrium flow might have 
occurred at low area ratios in the two shorter nozzles. From this point, ac- 
cording to Bray’s criteria, reference 10, frozen flow would prevail through the 
remainder of the nozzle since conditions required for equilibrium would never 
again be met. The end result would be recognized in experiments such as de- 
scribed herein by the loss of thrust due to energy frozen in the dissociated 
state. 

If such an approach could define the maximum allowable expansion rates to 
forestall dissociation losses in rocket nozzles for several of the high-energy 
propellant combinations, then nozzle-design optimization programs could determine 
an accurate trade-off of performance for nozzle length and weight savings. 


SUMMARY OF RESULTS 

An experimental investigation of the performance of hydrogen and fluorine 
was conducted in rocket engines having exhaust nozzles with an area ratio of 100. 
Chamber pressure ranged from 60 to 10 pounds per square inch absolute and mixture 
ratios from 12 to 6 percent hydrogen. The results were as follows: 

1. A vacuum specific impulse of 465 pound-seconds per pound was obtained 
with a 15° conical nozzle at a chamber pressure of 60 pounds per square inch ab- 
solute at a mixture ratio of 11.7 percent hydrogen. This amounted to 96 percent 
of theoretical equilibrium for a one -dimensional nozzle. A 25° conical nozzle 
and one contoured to 70 percent of the length of the 15° conical nozzle produced 
impulse values of 430 and 440 seconds, respectively. These values of specific 
impulse were obtained with a characteristic-velocity efficiency of 98 percent. 

2. A vacuum thrust coefficient of 1.88, or 98 percent of theoretical equi- 
librium, was achieved with the 15° conical nozzle at the conditions of maximum 
impulse for a chamber pressure of 60 pounds per square inch absolute. For the 
70 percent contour nozzle, the thrust coefficient was 1.78; the 25° conical noz- 
zle gave a value of 1.74. The absolute value of the nozzle thrust coefficient 
was relatively insensitive to changes in propellant mixture ratio, while the 
thrust-coefficient efficiency at a chamber pressure of 10 pounds per square inch 
absolute was unchanged from its value at 60 pounds per square inch absolute for 
the 15° conical nozzle. 

3. Decreased specific-impulse performance at lower chamber pressures and at 
mixture ratios near stoichiometric was due primarily to reduced values of charac- 
teristic velocity. Improved injector design should minimize this problem. 

4. Data corrected for nozzle exit divergence angle indicated that values of 
thrust coefficient were near equilibrium expansion for the 15° conical nozzle at 
fuel-rich mixture ratios and all chamber pressures. The performance of the two 
shorter nozzles was near frozen under all conditions investigated. 

5. Nozzles shorter than the 15° conical nozzle suffered losses that appear 
to be attributable to chemical kinetics; that is, a failure of the recombination 


process because of the high expansion rates. Contour designs for hydrogen- 
fluorine nozzles should consider finite reaction rates to obtain truly optimum 
performance. 


Lewis Research Center 

National Aeronautics and Space Administration 
Cleveland, Ohio, April 12, 1963 


APPENDIX A 
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SYMBOLS 

A area, sq in, 

C-p thrust coefficient 

c* characteristic velocity, ft/sec 

D diameter, in* 

F thrust, lb 

g gravitational conversion factor, 32*2 ft/sec^ 

I specific impulse, (lb)(sec)/lb 

L length, in. 

L characteristic length, chamber volume/throat area, in. 

A mass flow, W/g, (lb)(sec)/ft 

P pressure, total unless otherwise indicated, lb/sq in. 

V velocity, ft/sec 

(wv) H + (W) F 

V-j resultant injection velocity, * ? , 

^ + W P 2 sec 

W propellant weight flow, total unless otherwise indicated, lb/sec 
a half -angle of nozzle divergence 

A nozzle divergence correction factor, (l + cos a)/2 

Subscripts: 

a ambient 

c combustion chamber 

e nozzle exit 

ej exhaust diffuser 

ejt exhaust diffuser throat 

eq shifting equilibrium theoretical 


F^ fluorine or fluorine propellant system 

Hg hydrogen or hydrogen propellant system 

i injector or injection conditions 

m measured 

n nozzle entrance 

i 

s static 

t nozzle throat 

vac vacuum 

j x experimental 




APPENDIX B 


PERFORMANCE CALCULATIONS 
Theoretical 

The calculation of theoretical data for liquid hydrogen and liquid fluo- 
rine, described in reference 11, was carried out in a general program written for 
an IBM 704 computer. 

Calculations were based on the usual assumptions of perfect gas law, adia- 
batic combustion at constant pressure (nozzle-inlet total pressure), isentropic 
expansion, no friction, homogeneous mixing, and one -dimensional flow. 

The theoretical parameters were expressed as vacuum specific impulse and 
vacuum thrust coefficient in order to establish a common point of comparison be- 
tween different nozzles and between different operating conditions of the alti- 
tude facility. These parameters are defined in terms of the thrust developed by 
an engine of finite area ratio firing one dimensionally in a vacuum. 

Theoretical performance calculations with liquid fluorine and gaseous hy- 
drogen were made at several conditions to determine the error involved when the 
enthalpy difference between liquid hydrogen at saturation and gaseous hydrogen at 
ambient temperature is ignored. At a pressure of 60 pounds per square inch ab- 
solute, the vacuum specific impulse with gaseous hydrogen is 0.8 percent higher 
t ha n that with liquid hydrogen at a mixture ratio of 6.22 percent hydrogen and 
2.0 percent higher at 11.7 percent hydrogen. No experimental efficiencies were 
based on these numbers using gaseous hydrogen. 


Experimental 

The experimental results designated "delivered" vacuum specific impulse or 
vacuum thrust coefficient were calculated according to the following methods. 
Corrections for nonaxial, or divergent, exhaust gases were not included in the 
calculations for delivered performance. Also, no corrections were made for the 
counteracting effects of ambient temperature hydrogen and the loss of heat to the 
solid chamber walls and exterior surroundings. 


Chamber pressure . - The calculations of performance parameters are based on 
the total pressure at the entrance to the nozzle, but, in this program, it was 
more convenient to measure the pressure at the injector face. A correction was, 
therefore, calculated to account for the loss in total pressure that was required 
to accelerate the gases to nozzle-inlet velocity in a constant-area chamber. The 
following equation is derived from the conservation of momentum with the assump- 
tion that pressures are uniform, flow is frictionless, and combustion is com- 
pleted at the nozzle entrances 


P 

P 


c>i,x 


(^f) 


c,n,x 


Ing - Vj 

c*(A c /A t ) 


(Bl) 


(B2 ) 



Solved for chamber pressure, the equation is 
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Bc,n,x 



, Ipg ~ V i 
c*(A e /A t ) 


This equation ut iliz es the experimental conditions for chamber pressure at the 
injector face, average experimental injection velocity of the incoming propel- 
lants, and the theoretical parameters for I n , c*, and (Bc,n,s/ F c,n) • 

The latter terms imply that flow must be isentropic and maintain equilib- 
rium in the subsonic or converging portion of the nozzle. 

Characteristic velocity . - The experimental characteristic velocity based 
on the corrected nozzle inlet total pressure was then obtained by using the equa- 
tion 


* B c n,xAtg 

C = 1 — i- 

n,x ¥ 


(B3) 
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Vacuum thrust * - The measurement of thrust for this program was simplified 
by the complete encapsulation of the engine and load cell. The only forces ex- 
erted on the nozzle were due to the internal pressures governed by the acceler- 
ated gases and a single external pressure existing within the capsule acting on 
the outside of the engine and nozzle. This pressure was assumed to be constant 
throughout the capsule. The general equation for the thrust of a rocket is 

F m = + -^a )^e 


or 


F m = (Ve + ^e) " p a A e 


(B4) 


where F m represents the entire thrust developed at the altitude corresponding 
to P a and measured by the load cell. The thrust developed in a vacuum is 

F vac , x = F m + F aAe (B5) 

This has the effect of setting the altitude pressure P a equal to zero in equa- 
tion (B4). 

Vacuum thrust coefficient . - Vacuum thrust (eq. (B5)) and nozzle-inlet to- 
tal pressure (eq. (B2)) were used to define vacuum thrust coefficient as follows: 


^F,vae,x 


F 

vac ,x 
^c,n,x A t 


(B6) 


Vacuum specific impulse . - Experimental vacuum specific impulse was calcu- 
lated by using vacuum thrust and total propellant weight flow with the relation 
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Solved for chamber pressure, the equation is 



Fc,n,x 
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£ii£ 
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(B2) 


This equation utilizes the experimental conditions for chamber pressure at the 
injector face, average experimental injection velocity of the incoming propel- 
lants, and the theoretical parameters for I n , c*, and (Fc,n,s/ P c,n) • 

The latter terms imply that flow must be isentropic and maintain equilib- 
rium in the subsonic or converging portion of the nozzle. 

Characteristic velocity . - The experimental characteristic velocity based 
on the corrected nozzle inlet total pressure was then obtained by using the equa- 
tion 
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Vacuum thrust . - The measurement of thrust for this program was simplified 
by the complete encapsulation of the engine and load cell. The only forces ex- 
erted on the nozzle were due to the internal pressures governed by the acceler- 
ated gases and a single external pressure existing within the capsule acting on 
the outside of the engine and nozzle. This pressure was assumed to be constant 
throughout the capsule. The general equation for the thrust of a rocket is 

F m = ^e"^e + ( p e - B a )A e 
or 

F m = (m e V e + P e A e) ' P a A e ( B4 ) 

where F m represents the entire thrust developed at the altitude corresponding 
to P a and measured by the load cell. The thrust developed in a vacuum is 

p vac,x = P m + P a A e (B5) 

This has the effect of setting the altitude pressure P a equal to zero in equa- 
tion (B4). 

Vacuum thrust coefficient . - Vacuum thrust (eq. (B5)) and nozzle-inlet to- 
tal pressure (eq. (B2)) were used to define vacuum thrust coefficient as follows: 
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Vacuum specific impulse . - Experimental vacuum specific impulse was calcu- 
lated by using vacuum thrust and total propellant weight flow with the relation 
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TABLE I. - COORDINATES FOR 70 PERCENT CONTOUR NOZZLE 
[Dimensions in inches. ] 


♦ 



X 

Y 

Area 

ratio, 

€ 

X 

Y 

Area 

ratio, 

€ 

-12. 91 

2.70 

1. 91 

22.00 

13. 33 

46. 50 

-3. 02 

2.70 

1. 91 

23.00 

13.67 

48.95 

a -.50 

a 2. 02 

a l. 07 

24.00 

14.02 

51. 45 

0 

1.955 


25.00 

14.34 

53. 90 

^.ze 

a 2. 42 

a l. 53 

26.00 

14. 67 

56.30 

1.50 

2.62 

1.80 

27.00 

14.97 

58.65 

2.00 

3. 02 

2.39 

28.00 

15. 28 

61. 20 

2.50 

3.41 

3. 04 

29.00 

15.56 

63.40 

3.00 

3. 78 

3.74 

30.00 

15.85 

65.75 

3. 50 

4. 15 

4.51 

31.00 

16.13 

68.10 

4.00 

4. 51 

5. 32 

32.00 

16. 40 

70.35 

4.50 

4.86 

6.18 

33.00 

16. 67 

72.80 

5.00 

5.20 

7.07 

34.00 

16.93 

75.00 

5.50 

5. 53 


35.00 

17.18 

77.20 

6. 00 

5.85 

8.95 

36.00 

17.43 

79.50 

7.00 

6.48 

10. 99 

37.00 

17.68 

81.80 

8.00 

7.08 

13.12 

38.00 

17.92 

84.10 

9.00 

7.65 

15.31 

39.00 

18.17 

86.45 

10.00 

8.19 

17.55 

40.00 

18.39 

88.50 

11.00 

8.71 

19.85 

41.00 

18. 62 

90.75 

12.00 

9.21 

22.19 

42.00 

18.83 

92.80 

13.00 

9.69 

24.57 

43. 00 

19.05 

94.95 

14.00 

10.15 

26.95 

44. 00 

19.26 

97.10 

15. 00 

10. 60 

29.40 

45. 00 

19.47 

99.15 

16.00 

11.03 

31.83 

45. 39 

19.55 

100.0 

17.00 

11. 44 

34.24 




18.00 

11.84 

36. 67 




19.00 

12. 22 

39.07 




20. 00 

12.60 

41. 55 




21.00 

12.97 






tangent point. 
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Figure 2. - Three rocket engines with nozzle area ratios of 100. 
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Figure 4. - Experimental hydrogen-fluorine rocket performance 
at area ratio of 100. 










6 S 10 12 14 

Hydrogen fuel in propellant, percent by weight 


(c) Chamber pressure, 20 pounds per square inch absolute. 

Figure 4. - Continued. Experimental hydrogen- fluorine rocket 
performance at area ratio of 100. 
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(d) Chamber pressure, 10 pounds per square inch absolute. 

Figure 4. - Concluded. Experimental hydrogen- fluorine rocket 
performance at area ratio of 100. 
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Figure 5. - Effect of chamber pressure on delivered performance efficiency 
of experimental rocket engine at mixture ratio of 11. 7 percent hydrogen 
and area ratio of 100. 
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Figure 6. - Experimental nozzle performance efficiency at mixture ratio 
of 11. 7 percent hydrogen and area ratio of 100. 





